Introduction
In today's crowded mobile environment the ability of an antenna to dynamically alter its beam pattern is a highly desirable feature. This allows the antenna to selectively receive from different transmitters at different times depending on the tuning state chosen. The recent push towards higher frequency bands for use in communication networks means that tuning technologies will need to operate at the higher end of the microwave spectrum. Conventional tuning technologies are typically based on PIN and varactors diodes [1] or more recently MEMS switches [2] . While these approaches work well at low microwave frequencies, complex bias networks in large tunable arrays are difficult to implement. At higher frequencies (> 30GHz) such bias networks begin to dominate the array performance making these tuning approaches very difficult.
This paper looks at the viability of using optical tuning methods where no bias lines are required which thus offers a very scalable approach to large array tuning.
Microwave tuning based on optical illumination of semiconductors has been investigated for many years. The basis for this technique is the creation of an optically illuminated plasma through the application of illumination on semiconductor materials [3] . One very important feature of a semiconductor plasma is that since there is no PN junction present very linear behaviour can be obtained [4] . There can be residual
Schottky contacts formed at metal-semiconductor interfaces, but with careful control of metal type and process these can be made very ohmic. Finally the use of optical switching may allow very high speed switching to be obtained and switching speeds down to picoseconds have been observed [5] .The properties of the plasma remain consistent with increasing frequency and this tuning method can be used from the lower end of the microwave region up to mmWave frequencies [6] . The losses in the plasma and the extra power required for the pump laser are the two disadvantages of this technique. However the continuing developments in vertical-cavity surface-emitting laser(VCSEL) arrays and micro light emitting diode array technologies mean that the efficiency of light sources is improving steadily thus decreasing the DC power requirement [7] while maintaining a small form factor.
Previous investigations on optically tunable antennas have looked at the possibility of creating the entire antenna out of optically illuminated patches [8, 9] . We have recently investigated this approach as well [10] . However such methods require large amounts of optical power and are suitable mostly for pulsed applications. The use of high power lasers also means that small form factors are not possible. Other investigations have focused on the use of optically controlled switches mounted on various parts of the antenna [11, 12] . While these structures work well at the lower range of microwave frequencies, the parasitics of the switch start to become problematic at higher frequencies.
The tuning method described here investigates the effect of integrating the silicon layer as part of the antenna's superstrate. This has several advantages, firstly due to the high permittivity of silicon, the incorporation of this layer increases the gain of the antenna. Previous works have shown that high losses are incurred when the diffusion tail of the plasma extends into the substrate. By forming the plasma on the superstrate, the effect of the diffusion tail is inverted thus minimizing the losses incurred. It also allows any optically transparent material such as air or fused silica to be used as the substrate layer. By choosing a low dielectric substrates the antenna efficiency can be improved. Since the silicon superstrate is part of the antenna structure the need for mounting switches is eliminated hence the operating frequency could be extended beyond the microwave band.
A double slotted microstrip patch antenna was chosen as the candidate architecture. The illumination area inside the slot could be made small enough such that the power requirement was kept to a minimum thus allowing miniature laser sources to be used. These could then be integrated into the antenna package thus forming a compact tunable antenna structure. Although the final integration is not performed here as it required precision structures to be fabricated, these are well within the manufacturing capabilities of standard industrial processes. The basis for operation of slotted microstrip patch antennas [13, 14, 15] and the effect of superstrates [16] on slots have been investigated in the past. The theory of operation for the antenna presented here combines these two concepts to form a tunable slot loaded antenna. The effect of illumination alters the behaviour of the antenna from a slotted patch to that of an unslotted patch as the conductivity of the plasma covers the slot. The nulls in the radiation pattern due to the presence of the slots are thus altered as shown in the later sections.
Section 2 describes the construction of the antenna and section 3 describes the basis for the tuning method. Section 4 describes the modelling methods used and also shows the simulation results using a full wave solver. The measurements showing the varying radiation patterns of the constructed antenna are then presented in section 5.
Antenna Construction and Layout
The antenna investigated was a rectangular microstrip antenna with two slots close to the radiating edges as shown in Fig.1a . This structure was chosen for several reasons. The structure has been well studied in the past and the changes of the nulls in the beam pattern of the antenna from the slotted to the unslotted state has been shown to create significant variations in the beam patterns of certain antenna modes. Only certain modes were strongly affected by the presence of the slots hence the effect of illumination on the unaffected modes could also be investigated through the same structure. The illumination area could be made small enough such that the power requirement was well within the capabilities of miniature laser
sources.
An optically transparent substrate is used to feed the illumination from the underside, allowing for complete integration in future systems. The ground plane is formed out of a thin layer of Indium Tin Oxide (ITO) obtained from Nancos Inc. ITO is an optically transparent but electrically conductive material, this forms an optically transparent ground plane through which the laser illumination can pass. A 975nm VCSEL array (Princeton Optronics 975nm C-Mount) is used as the illumination source. The illumination wavelength of 975nm was used due to the high carrier generation efficiency in silicon at this wavelength. A schematic of the structure is shown in Fig. 1b. An optical cage system was used for the illumination optics. In order to maximize the amount of power that was collected from the VCSEL the collimating lens was required to have a short focal length with high Numerical Aperture. The Thorlabs C390TME-B was found to be the best option. Since the focal length had to be kept short the beam would start to diverge almost immediately after the plane of the lens.
Some of this divergence was corrected using the homogenizing rod light pipe (Edmund Optics NT63-092) with a 25mm length and a hexagonal cross-section of 2mm. The illumination setup shown in Fig. 1b was for experimental purposes only as it eliminates the need for a microlens array. For practical applications 4 the VCSEL array can be mounted directly below the 100µm glass layer and the entire optical system replaced by a microlens array thus allowing for a compact structure.
(a) (b) Fig. 1 The transparent low permittivity (εr = 3.3) and low loss of the fused silica substrate also increased the efficiency of the antenna. The high permittivity silicon layer which forms the superstrate could be used to increase the gain by increasing directivity. Since the illumination is from underneath and is unaffected by the superstrate thickness, this can be further optimized to increase directivity for the desired angle of radiation [17] . Multi-layered superstrates can also be used as long as the first layer is kept as the optically illuminated semiconductor layer. The antenna constructed here has not been optimized for any particular angle, thus the thickness of the superstrate was kept low at 375µm. The structure also takes advantage of the fact that the maximum of the conductivity profile appears just above the metal layer. This minimizes losses incurred in the plasma as explained in the modelling section (section 4).
The basis for the tuning mechanism is explained in the next section followed by modelling methods and the simulation results.
THEORY OF OPERATION
The effect of slots on rectangular microstrip patch antennas has been investigated extensively [13, 14, 15] . The presence of the slot perturbs the current profile of the resonant modes in the patch. By illuminating the slot region and hence creating the plasma in the slot, the currents around the slot can be altered depending on the intensity of the plasma and this forms the basis for tuning.
The simulated results of S11 for the resonant modes with and without the plasma applied is shown in Fig. 2 . Also shown is the S11 for an unslotted antenna which is equivalent to covering the slots with metal.
Since the effect of the presence of the plasma is similar to covering the slots with metal, this case shows how closely the plasma approximates a metal covering. The individual mode numbers are labelled on Fig.   2 and follow the standard TMz naming convention for microstrip antennas where the z direction points into the depth of the substrate. Comparison of the graphs show that while most of the resonant modes have some frequency shift, the TM200 mode is the most strongly perturbed.
Fig. 2. Simulated S11 results for patch antenna with and without illumination.
The reason for this is that this mode has strong currents close to the edges of the slots as shown in Fig.   3a which are strongly perturbed with the application of the plasma. Hence a mode switching effect is achieved as shown in Fig. 3b . A detailed theoretical analysis of mode switching for slot loaded microstrip antennas requires the calculation of equivalent circuit models for modelling the effect of the slots as described in [18] . A detailed circuit analysis of the plasma loaded patch is beyond the scope of this paper but previous works form a good basis for this analysis [19] . The advantage of tuning the individual resonant modes is that some modes can be perturbed while the other modes are unaffected by the presence of the plasma. This provides advantages for the design of multiband tunable antennas.
The overall effect of illuminating the slot is to shift the antenna behaviour closer to the unslotted state as can be seen in Fig. 2 . However due to the finite conductivity and phase shift caused by the plasma the results show some differences. This is particularly apparent around the TM200 higher order mode.
Although the TM010 and TM110 modes do not show much frequency shift in S11, the effect of the plasma does alter the surface currents of these modes causing changes to nulls of the radiation pattern as shown later. The losses incurred in the plasma are shown in the next section. 
MODELLING OF LOSSES
When a region of semiconductor is illuminated an electron hole plasma is formed at the surface [20] . The diffusion mechanism within the semiconductor causes the conductivity profile of the plasma to spread exponentially through the depth of the material. This can cause significant losses if a significant portion of the E-field exists in the region of low conductivity. Fig. 4 shows the plasma applied to a single slot of the antenna. Unlike the case shown in [20] , the region of maximum conductivity is now in line with the region of maximum field strength. The E-field in the space between the slot decays rapidly into the depth of the silicon so that the lower layers of plasma interact very little with the E-field. This causes the lower layers of the plasma having low conductivity to contribute very little to the overall losses. The surface conductivity of the plasma then becomes the most dominant factor for the loss.
(a) (b)
Fig. 4. (a)Top view of antenna with illumination applied to one slot and (b) Magnified side view of plasma region showing plasma layers .
A second source of loss in the antenna was due to the thickness of the ITO ground plane being less than the skin depth. The skin depth of ITO for around 20GHz was calculated to be 5µm but the physical thickness of the ITO layer was only 200nm. Since the ITO layer has a near metal conductivity in the region of 5x10 5 S/m, the modelling of the ITO layer could be done using an equivalent zero thickness layer of lossy metal. This was found to greatly reduce the simulation time instead of the direct inclusion of a metal layer of 200nm thickness. The basis for this equivalence is described below.
The standard model for the surface impedance of a metal assumes that the thickness of the metal is much greater than the skin depth at the metal surface. The metal surface can then be modelled as an infinitesimally thin layer having an impedance of equal value to the surface impedance of the metal. However in our case, since the ITO thickness is smaller than the skin depth of ITO, the surface impedance required modification to account for this reduction in thickness. This lead to a modified value of the conductivity which was much lower than the actual value. The modified surface impedance, Zs is shown in Eq. 1 [21] .
Where  is the conductivity of ITO, t is the thickness of the ITO layer and k is given by Eq 2. Where δ is the skin depth of the ITO which can be easily calculated using the standard equation for skin depth [22] . Eq.1 shows that the surface impedance is composed of both real and imaginary parts. For a conductor with a thickness less than the skin depth, the real part dominates the impedance and the imaginary part can hence be ignored. The ITO layer is thus modelled as a resistive sheet with a lower conductivity value. Using the values of σ = 5.5x10 5 S/m, t = 200nm and ω=2πf where f=20GHz shows that the conductivity of needs to be decreased to around 1x10 3 S/m in order to account for its lower thickness. This was used in the simulations and showed good agreement with the measurements shown in Fig. 7b of the next section. Further details of the method can be found in [21] .
The equivalent conductivity calculated above was for the case when the entire ground plane was formed out of ITO. Using a similar process it can be shown [21] that the equivalent conductivity is increased by placing a thick metal layer immediately behind the ITO layer. Referring back to Fig. 1b it is seen that the ITO layer sits on top of a 100um insulating glass layer which is required for supporting the ITO. If this layer was inverted the ITO layer would sit immediately next to the thick brass layer. Thus according to the above discussion this would increase the overall conductivity of the ground plane. This is found to be the case in the measured results shown in section 5 where the inverted layer structure is compared to that in Fig. 1b .
The measured results for the radiation pattern were taken with the layer structure identical to that of Fig. 1b .
Since the radiation patterns were nearly the same with the inverted layer structure only a comparison of gain is shown in Fig. 10c .
The changes to the radiation patterns with the application of illumination is shown in the following section.
MEASUREMENTS
Pattern measurements for the unilluminated antenna were carried out in an anechoic chamber. Fig. 5 shows the measured directivity of the unilluminated antenna along with the simulated results which show reasonable agreement. In order to get accurate comparisons for the changes to the nulls with the illumination applied, the measurements had to be taken with the antenna position fixed and the illumination being turned on and off at each angle. This was not possible in the anechoic chamber setup which had to complete one full cycle before the illumination state could be changed. The measurements in the chamber also had a frequency limit of 12GHz due to the cables inside the chamber. Hence it was necessary to build a custom pattern measurement setup as shown in Fig. 6 . The E-Plane and H-Plane results for the unilluminated antenna were compared with the anechoic chamber measurement setup and showed good agreement.
Fig. 6. Custom measurement setup for antenna radiation patterns and zoom-in showing details of antenna, superstrate silicon can be seen which is mounted on top of the antenna.
The S11 return loss measurements for the unilluminated antenna were compared with the simulations as shown in Fig. 7a . This showed good agreement with the simulated frequency of each mode. The results with the ITO ground plane added are shown in Fig. 7b . The effect of using the equivalent conductivity of the ITO sheet as described in the modelling section shows a closer match to the measured results as shown in this figure. This can be clearly seen around 15GHz where the modified value of ITO conductivity shows a closer match to the measurements. In some cases the resonant dips are masked by the resistance. The TM010 and TM110 modes remain clearly visible but the TM100 and TM200 mode are seen to disappear almost completely.
For the case of the TM200 mode this is also due to the feed position of the constructed antenna being not well matched with this mode. Due to the nature of the field profiles for the three modes it was not possible to find a single feed position that would perfectly match all four modes simultaneously. However the changes to the radiation pattern could still be measured for these modes and this feeding method was sufficient for investigation purposes. The changes in radiation pattern due to illumination were measured for each of the four modes. The results were taken using the setup in Fig. 6 with illumination applied to the left slot only as shown in Fig. 4 . The orientation of the measurement was chosen such that the change in the nulls was highlighted for each mode. Several methods for improving the gain were investigated. All measurements presented until now were with the 200nm ITO ground just below the fused silica as shown in Fig. 1b . By swapping these two layers around such that the ITO layer sits just above the brass ground plane with the 100µm glass layer now sitting just below the fused silica substrate it was found that the gain could be increased. Fig. 10c shows the improvement in gain due to the layer reversal. This shows an average increase of around 6dB in gain. The ITO layer thickness used for our experiments was around 200nm. Further improvements in gain could be obtained by using thicker layers of ITO. 
Conclusions
The proposed optically tunable antenna structure was investigated and simulation and measurement results presented. The results show that significant changes to the radiation patterns can be obtained using this method. Several methods for the reduction of losses were also described. The basic structure described here can be extended for the tuning of antennas at higher frequencies where more conventional switch based methods are not applicable. It was shown that this method can tune certain modes of the antenna without affecting other modes which can be an advantage for dual band antennas. The requirement for DC power for the light source currently restricts the potential applications of optical tuning technology but microLED array technology is continually increasing in its power capabilities and combined with better focusing techniques should provide the required illumination intensities at lower DC power consumption levels.
